Abstract. Generally the required strength and stiffness of an I-shaped beam to the box-shaped column connection is achieved if continuity plates are welded to the column flanges from all sides. However, welding the forth edge of a continuity plate to the column flange may not be easily done and is normally accompanied by remarkable difficulties. This study was aimed to propose an alternative for box columns with continuity plates to diminish such problems. For this purpose a double-web I-shaped column was proposed. In this case the strength and rotational stiffness of the connection was provided by nearing the column webs to each other. Finite element studies on about 120 beam-column connections showed that the optimum proportion of the distance between two column webs and the width of the column flange (parameter β) was a function of the ratio of the beam flange width to the column flange width (parameter α). Hence, based on the finite element results, an equation was proposed to estimate the optimum value of parameter β in terms of parameter α to achieve the highest connection performance. Results also showed that the strength and ductility of post-Northridge connections of such columns are in average 12.5 % and 54% respectively higher than those of box-shaped columns with ordinary continuity plates. Therefore, a double-web I-shaped column of optimum arrangement might be a proper replacement for a box column with continuity plates when beams are rigidly attached to it.
Introduction
In the 1994 Northridge earthquake, brittle fractures in beam-column connection areas occurred causing considerable damage. These damages depend on the specifications of its main components, namely the columns, beams and connections. Following this event, various related institutions have been conducting experimental researches on the behavior of steel beam-column connection. Based on these researches there are only two sources to dissipate seismic energy, the beam-end and the panel zone Engelhardt and Sabol (1998) , Saffari et al. (2013) , Farrokhi et al. (2010) . AISC specification ANSI/AISC (2010) presents some flange and web strength requirements for columns Corresponding author, Ph.D., Professor, E-mail: hsaffari@mail.uk.ac.ir a Ph.D., E-mail: amir.hedayat@iauk.ac.ir b Master of Civil Engineering, E-mail: nsgoharrizi@yahoo.com when they are subjected to double concentrated forces (one tensile and one compressive) delivered to column flanges through welded and bolted moment connections. These requirements are needed to prevent some limit states such as flange local bending, web local yielding, web crippling and web compression buckling. In the case of using columns of inadequate strength for their flanges and webs, such limit states can be prevented by welding transverse stiffeners to the column flanges and webs at the level of beam flanges. These stiffeners are also called continuity plates. These plates also help to distribute beam flange forces to the column web, and they minimize stress concentrations that can occur in the joint between the beam flange and the column due to non-uniform stiffness of the column flange. Hence, for both I-shaped and box-shaped columns, the use of continuity plates as thick as the beam flange plates has been emphasized by FEMA-355D (2000) to provide good seismic performance for beam-to-column connections. Large flexural and torsional stiffness and high strength of any axes of box-shaped columns make these sections more efficient than conventional wide flange I-shaped sections. These caused a box-shaped column to be more attractive for designers than an I-shaped column when being used as a beam-column. Although box-columns have these advantages, as the section is closed, welding of the forth side of the continuity plate to the column is not easily done. In addition to the above problems, the welders may frequently forget to perform this plate in the column and if so, welding the plate inside the column won't be possible anymore. Hence, finding a proper beam to column connection to diminish such problems is still an interesting subject for researchers. Up to now different types of external stiffeners, including triangular plates, T-and angle-stiffeners have been proposed by researchers to provide a proper load path between the I-beam and the rolled box-column Shanmugam et al. (1991) , Ting et al. (1993) , Lee and Yoon (1993) , Popov (1987) . Recently, for built-up box-shaped columns, some new connection details called diagonal through-plate connection have been proposed by Mirghaderi et al. (2010) and Torabian et al. (2011) to eliminate the horizontal continuity plates. However, their details are relatively complicated and may not be easily fabricated.
In the present study to eliminate the use of continuity plates in the built-up box-shaped columns and consequently to facilitate their fabrication and to supply adequate torsional stiffness for I-shaped columns, double-web I-shaped columns are suggested. Using finite element method, a parametric study was done to find out the best configuration of such columns to achieve adequate connection strength and stiffness.
Proposed double-web I-column
In Iran a common design for low to middle rise steel buildings is to use moment frames in one direction while braced frames are used in the other. Based on this common design and with respect Fig. 1 The proposed double-web I-shaped column
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to the fact that box-shaped columns have a high flexural-torsional buckling strength, Fig. 1 shows the details for the proposed double-web I-shaped column where a beam is rigidly attached to the column only in one direction. In fact, this column is a built-up box-shaped where the web plates have moved toward the column center to form an I-box column. In this case the continuity plates are removed and the stiffness and strength of the connection is supplied through nearing the webs of the box-shaped column to an optimal distance.
Finite element model
In this study the finite element modeling can be categorized into two parts. The first part is about widened flange specimen W08-L1A, a pre-tested specimen by Cheng et al. (2006) , which was used for the validation of the finite element modeling. The second part is about B-SAC and B-SPE specimens which were used for parametric studies. This section explains the common points between the two parts and the details of the W08-L1A specimen. B-SAC and B-SPE specimens are discussed in the following section.
Finite element models were created using the general purpose finite element program ANSYS (ANSYS user manual 2007). In finite element models, both welds and base metals were modeled using shell elements, and the associated material property was defined for each one. SHELL43 was used to model weld and column plates, whereas SHELL181 was used to model the beam plates. SHELL43 and SHELL181 are one-layer four-node and multi-layer eight-node shell elements respectively. These elements have six degrees of freedom at each node, and all of them have plasticity, large deflection, and large strain capabilities. In the case of using SHELL181, each element was separated into five layers across the thickness. The number of layers was selected based on the finite element study carried out by Gilton and Uang (2002) . To perform material nonlinearity analyses, plasticity behavior was based on the von-Mises yielding criteria and the associated flow rule. Isotropic hardening was assumed for the monotonic analysis, whereas kinematic hardening was assumed for the cyclic analysis as used by Mao et al. (2001) and Ricles et al. (2003) . A bilinear material response with a post yielding stiffness equal to 4% of the modulus of elasticity of steel was used for the base metals, whilst for the weld metals; a multi-linear material response (Fig. 2) based on material property given in the references of Mao et al. (2001) and Ricles et al. (2003) was used. Fig. 2 Stress-strain relationship used for the weld metal (Mao et al. 2001 , Ricles et al. 2003 Fig. 3 box-shaped column to I-shaped beam connection W08L1A tested by Cheng et al. (2006) The monotonic analyses were conducted by applying a monotonic vertical displacement load to the beam tip until achieving more than 4% total rotation at the column web center, whereas the load history recommended in reference FEMA350 (2000) was utilized for cyclic analyses. In order to determine the appropriate mesh density, a study on mesh sensitivity was carried out based on the recommendation given by ANSYS software and then the results were compared with the experimental results presented by Cheng et al. (2006) . When applied loads are in the vertical direction only, the out-of-plane deformations (normal to the web) may not occur. Therefore, in order to ensure that buckling occurs when the model becomes unstable, the imperfect model was used to analyze under cyclic or monotonic loadings. In this study, in order to determine the imperfect model, first the buckling mode shapes were computed in a separate buckling analysis, and then they were implemented to perturb the original perfect geometry of the model as it was in References of Celikag 2009b, c, Kim et al. (2000) , MoslehiTabar and Deylami, (2005) .
As mentioned above, in order to verify the accuracy of the finite element modeling, the pretested box-shaped column to I-shaped beam connection, specimen W08-L1A of reference Cheng et al. (2006) (see Fig. 3 ), was modeled using the procedure mentioned in the previous paragraphs. In this connection, the widened beam flange was intended to reinforce the beam-to-column joint and form the plastic hinge away from the column face. Fig. 4 shows the finite element mesh of this specimen and Fig. 5 depicts the welding details for the specimen without the weld access hole detail. As this figure shows the beam flanges were double bevel groove welded to the column flange. As mentioned above these groove welds were modeled using the SHELL elements with a total width of 10 mm (the average of 13 mm and 7 mm), and a material property similar to what is shown in Fig. 2 ( i.e.., weld metal E70TG-K2) was assigned for the welds. For simplicity, the fillet welds which connect the beam flange to the beam web were not modeled since they would not affect the results.
The W08-L1A specimen consisted of an H-shaped H588 × 300 × 12 × 20 (dimensions in mm for depth, width, web thickness, and flange thickness, respectively) beam, 3030 mm long and a box column of 550 × 550 × 27 × 27 with 3000 mm span length. The thicknesses of the continuity plates were the same as those of the beam flange plates (i.e., 20 mm). The beam, the column and the continuity plates were all ASTM A572 Grade 50 steel. Constraints of this specimen were consistent with the test set-up (i.e., one end of the column was considered as a pin support, a roller support was assigned to the other end of the column, and the beam was laterally braced at its tip and near the location of the splices of the beam flanges and web). This specimen consisted of 14,880 nodes and 9100 elements. As shown in Fig. 4 , from the mesh size point of view, the beam length was divided into three parts. A very fine mesh size was used for the welds at the column face level and for the beam flanges located at the vicinity of the column face (mesh size was 10 mm). By moving from the column face toward the beam tip, the mesh sizes gradually increased. The mesh size used for the second part of the beam was 20 mm and for the third part of the beam, where the elements are away enough from the column face level and the plastic hinge location, the size was 60 mm. Experimental and numerical results of this specimen were compared in terms of beam tip load and beam rotation. Fig. 6 shows this comparison. The initial stiffness, maximum load achieved at the peak of the beam tip displacement and post-elastic envelopes under upward loadings were well matched for the finite element model and the test specimen. However, when the loads became downward a minor mismatch could be seen between the two curves at large rotations. Therefore, it might be concluded that the analytical results are in good agreement with experimental results.
Parametric study
In this study all parametric studies were done for B-SAC and B-SPE group specimens which represent a wide range of connections of different beam overall depths (from 450 mm to 912 mm). Details of these specimens are presented in Table 1 . B-SAC and B-SPE specimens comprised of a built-up box-shaped column and a rolled wide flange I-shaped beam. The beams used for B-SPE specimens had a thicker flange compared to those of B-SAC specimens. The reason of using B-SPE specimens was due to this fact that for a given beam overall depth, by increasing the beam flange thickness, the connection ductility reduces. The connection details of all specimens were exactly the same as the SAC and the SPE specimens presented by Lee et al. (2000) and Hedayat et al. (2009b) respectively. It means all specimens had post-Northridge connection detail except that the box-shaped columns were used instead of I-shaped columns. For instance, Fig. 7 shows the details of the specimen SAC7 utilized by Lee et al. (2000) . The length of the beam and the column for all these specimens were 3429 mm and 3658 mm respectively. Other geometric parameters of these specimens are summarized in Table 2 . Both the shear tab and continuity plates were ASTM A36 (yield stress = 250 MPa), and all welds were E70TG-K2 electrode.
After Northridge earthquake, inspections done by Miller (1998) over 100 damaged buildings and also experimental tests conducted by the SAC group (e.g., Lee et al. 2000) on the pre and the post-Northridge connections showed that the failure of this type of connection is not often due to the failure of bolts. Therefore, in the finite element models, the bolts were not exactly modeled, but the shear tab and the bolt holes were modeled. In addition, the interaction between the shear tab and the beam web was modeled using the CONTACT elements in the ANSYS program. For the SAC and the SPE specimens, by using the long and the thick shear plates and adequate number of slip critical bolts which connect the shear tab to the beam web, there was no slippage between the shear tab and the beam web even at the failure time (as it was obvious from the moment-rotation curves presented by Lee et al. 2000) . Hence, to simplify the finite element models and to connect the beam web to the shear tab, by using couple command in the ANSYS program, for each bolt hole the translational degrees of freedom of all nodes around the holes in the shear tab and in the beam web were constrained together. The finite elements' results of SAC specimens obtained using this procedure of bolt modeling were in good agreements with those of experimental results presented by Lee et al. (2000) . This comparison can be found in the literature Hedayat et al. (2009b) .
Similar to the W08-L1A specimen, from the mesh size point of view, the beam length was divided into three parts. For the first part of the beam which started from the column face and ended at a distance equal to the half of the beam overall depth, a very fine mesh size was used for the welds and for the beam flanges (depending on the beam section, mesh size varied between 3 mm and 5 mm; weld size was divided into five elements along the beam length). For the second part of the beam whose length was 1.5 times of the beam overall depth, the mesh sizes were larger than those used at the column face level, and they varied between 15 mm and 25 mm. The used mesh sizes for the third part of the beam, where the elements are enough away from the column face level, were in average equal to 80 mm.
Box-shaped columns were designed as such to have exactly the same capacity as that of I-shaped columns used in SAC and SPE specimens presented in the related references. All the designs were developed using AISC (2010) specification ANSI/AISC (2010). These specimen sizes were chosen since they might be good representatives of the conventional pre/post Northridge specimen sizes, small, medium and large Lee (2000) , and were also tested in Phase 1 of SAC Steel Projects SAC-96-01 (1996) .
The effects of nearing the webs of a box-shaped column ( Fig. 1 . Parameter β varied between zero (which represent an ordinary I-shaped column) and a value greater than one (which represent an ordinary box-shaped column). This parametric study was done to determine the most proper placement of the column webs to achieve the highest connection performance. In addition to these, the results of each B-SAC and B-SPE specimen for a given value of parameter β were compared to those of the same specimen with a detail similar to what are shown in Fig. 8 for specimens B0 to B3.In specimen B0, continuity plates are welded to all sides of a box column. While for specimens B1 to B3, continuity plates are welded to the column flange and web plates only from three sides. 
Analytical results

Typical behavior of a post-Northridge connection with a double-web I-shaped column
Failure criteria and failure modes
It should be noted that fracture prediction is the most questionable part of a finite element study, because it is inherently a complicated phenomenon and is dependent on many parameters such as weld and base metal properties, weld defects, notch effects, weld quality and weld toughness. Hence, in this study in order to estimate the connection failure time, it was assumed that the qualified welders and fabricators are employed, and high fracture toughness weld metals are used (as these should be, based on ANSI/AISC 360-10 2010)). Also, it is well known that in the welded connections at a region near the column face the classic beam theory is invalid Celikag 2009a, Kim et al. (2000) , Yoon (1999), Cheol (2006) . In this region, shear stresses are at a maximum level near the column flanges, especially at the WAH region. The combination of shear stresses and normal stresses at the beam flanges near the column face, promotes the brittle fracture of welded connections. Therefore, the use of von-Mises strains might be more appropriate than normal strains to estimate the failure of material near the column face and even at a region away from the column face. Considering the fact that the locations of high level of strains have significant probability of premature fractures and by comparing the results of finite element models of SAC specimens with their experimental results presented by Lee et al. (2000) , a failure criterion was assumed as follows:
Connection fracture occurs when von-Mises strains at the half or entire beam or column flange widths (depends on connection type) at the column face level exceed the stain associated with the ultimate strength of the beam or column flange materials, based on the material properties reported by Lee (2000) . These failure modes are shown in Fig. 9 . However, to ensure the estimation of the connection failure time, in some models, Birth and Death characteristics of elements in ANSYS software were also used.
A similar failure criterion was also used by other researchers (e.g., Berman et al. (2010) ; Dusicka et al. (2004) ). Note that the connection failure can also be predicted using rupture index, RI (e.g., Chao et al. (2006) , Prinz and Richards (2009)) . But this method is normally used when a (2009)), none of the mentioned methods is intended to predict the exact rotation capacities for connections; rather, they provide a tool for comparing various models. Fig. 10 shows the normalized Von-Mises strain distribution for specimens B-SAC7 in the case of using an ordinary box-shaped column (specimen B0) and a double-web I-shaped column of β = 0.41 at 2 percent total rotation. Results are compared at 2 percent total rotation since normally non-modified post-Northridge connections (i.e., a specimen without flange plates, haunches or Fig. 10 Normalized Von-Misses strain distribution for whole beam flange width at the weld access hole region at 2 percent total rotation
Von-Misses strain distribution across the beam flange width
Suggesting double-web I-shaped columns for omitting continuity plates in a box-shaped column
reduced beam section, RBS) have such a rotational capacity. Total rotation was measured at the column web center. Normalized strains were obtained at the most critical location of a post-Northridge connection, weld access hole (WAH) region, by dividing the measured Von-Mises strain by the yield strain of the beam flange material. As indicated in the figure, the level of strains at the beam flange edges are much more than those which were measured at the beam flange center, indicating that the connection fracture initiates from the beam flange edge. This figure also shows that at the critical locations (i.e., beam flange edges) the level of the developed strains for the proposed double-web I-shaped column is less than half of that measured for the specimen B0. It indicates that the proposed column section was significantly effective to minimize the stress and the strain concentrations at the joint which was due to the presence of double column webs to create a more uniform stiffness of the column flange across its width. This significant reduction in the strain concentration caused the post-Northridge connections of the proposed column section to show higher connection strength and ductility than those of B0 specimens. Similar behaviors were also observed for all other SAC and SPE specimens. Strength and ductility of all specimens are discussed in the following sections. FEMA-355D (2000) states that in box-shaped columns even in the presence of continuity plates, the beam web connection is consistently less effective in transferring bending moment and beam shear to the box-shaped column than it is for strong-axis column-bending connections. As a result, many of the benefits through enhanced web connections for the welded-flange-welded-web and free-flange connections are not readily achieved with box-shaped column connections. As a result, the connection type does not rely heavily on the web connection for its connection ductility. Fig.  11 shows the distribution of normal strains at the outer surface of the bottom beam flange along the beam length at 2 percent total rotation for B-SAC7 specimens.
Effects of the proposed double-web I-shaped column on the secondary flexural stresses
Normal strains and the distance from the column face were normalized with respect to the yield Fig. 11 Normalized distribution of normal strains for B-SAC7 specimens B0 and double-web I-shaped column of β = 0.41at the beam flange edge at 2 percent total rotation strain of the beam flange material and the beam overall depth respectively. These distributions are presented at the beam flange edge (i.e., at the critical location of a box column) for specimens B-SAC7 in the case of using an ordinary box-shaped column (specimen B0) and a double-web I-shaped column of β = 0.41. As this figure shows for both specimens the distribution of normalized strains is linear and follows the classical beam theory beyond about 15 percent of the beam overall depth from the column face. However, at the column face, normalized strains suddenly increased. This increase was due to the secondary flexural stresses which were resulted from the transfer of a remarkable part of shear forces via the beam flanges (which is in contrast with the classical beam theory). This figure clearly shows the efficiency of the proposed double-web I-shaped column to reduce the normal strains at the column face level. Compared with specimen B0, there was a 46 percent reduction in the amount of the normal strains at the peak of the diagram when the double-web I-shaped column specimen of β = 0.41 was used. It indicates a remarkable improvement in transferring the bending moment and beam shear to the box-shaped column via the web connection. It consequently caused an increase in the connection strength and ductility. Fig. 12 compares the moment-rotation curves for all B-SPE7 specimens. In this figure total rotations were calculated at the column web center, and the applied moments were calculated at the column face and were normalized with respect to the beam plastic moment capacity. As this figure shows, among all specimens, the double-web I-shaped column specimen of β = 1.37 (i.e., a box-shaped column without continuity plates) has the minimum connection strength, ductility and initial rotational stiffness. The maximum strength of this specimen was only 80 percent of the beam plastic moment. This connection failed due to the excessive strain concentration at the column flange (a failure mode similar to Fig. 9(a) ). By a decrease in parameter β all connection strength, ductility and initial rotational stiffness increased. The highest connection performance Fig. 12 Moment-rotation curves for all B-SPE7 specimens was achieved for specimen of β = 0.41. Also this figure shows that specimens B0 and B1 have the same performance, while there can be seen a slight reduction in the performance of specimen B2 when compared with specimens B0 and B1.As it was expected specimen B3 achieved a low connection strength, ductility and initial rotational stiffness. Its performance was somehow similar to double-web specimen of β = 1.23 with a lower ductility. Table 3 summarizes strength, ductility and normalized initial rotational stiffness of all B-SAC and B-SPE specimens in terms of parameter β. For comparison, the strength and ductility of all B0 to B3 specimens are also presented. In this table total rotations were calculated at the column web center, and failure moments were normalized with respect to the beam plastic moment in each specimen. As the results show, for both B-SAC and B-SPE specimens, by decreasing β parameter both connection strength and ductility increases. However, excessive increase in this parameter causes a reduction in both connection strength and ductility. In other words, there is an optimum value for parameter β to achieve the highest connection strength and ductility. These optimum specimens are highlighted in Table 3 .
Effects of the proposed double-web I-shaped column on the connection strength, ductility and initial rotational stiffness
The results and summary of specimen
Compared to using a box-shaped column with ordinary continuity plates, the use of a double-web I-shaped column of optimum value of parameter β caused minimum 43% and maximum 65.5% (in average 54%) increase in the connection ductility while the minimum and the maximum enhancement in the connection strength were 9% and 16% respectively (in average 12.5%). It indicates that the proposed column was more effective to enhance the connection Fig. 13 Relation between parameter α and optimum value of parameter β for all SPE and SAC specimens ductility rather than the connection strength. However, all double-web I-shaped columns of optimum value of parameter β easily achieved a connection strength more than the minimum required strength (i.e., M/Mp = 0.8).
To see the effect of each proposed alternative on the connection initial rotational stiffness, these values were normalized with respect to the initial rotational stiffness of specimen B0. This ratio for all double-web I-shaped column specimens of optimum value of parameter β (those highlighted in Table 3 ) was around 1.01. It indicates that a connection with a double-web I-shaped column of optimum value of parameter β has an initial rotational stiffness the same as that for a specimen with a box-shaped column with ordinary continuity plates. However, the fabrication of the proposed column is much easier when it is compared to a box-shaped column where the continuity plates should be welded from all sides to the column flanges.
As it is clear from the results presented in Table 3 , the optimum value of parameter β is not a constant value and changes from one specimen to another. For instance, for B-SAC7 specimens (where α = 0.76) the optimum value of parameter β was 0.41 while for B-SPE1 specimens (where α = 0.5) the highest connection performance was achieved at β = 0.56. In fact, this optimum value is a function of parameter α, where α is the beam flange width to the column flange width ratio. The relation between optimum values of parameter β and parameter α are graphically shown in Fig.  13 . As the figure shows by increasing parameter α, the optimum value of parameter β decreased. With respect to these results, an equation was proposed to estimate the optimum value of parameter β in terms of parameter α (Eq. (1) 
Conclusions
Generally the required strength and stiffness of an I-shaped beam to a box-shaped column connection is achieved if continuity plates are welded to the column flanges from all sides. However, welding the forth edge of a continuity plate to the column flange may not be easily done and is normally accompanied with a remarkable difficulties. This study was aimed to propose an alternative for box columns with continuity plates to diminish such problems. For this purpose a double-web I-shaped column was proposed. In this case the strength and rotational stiffness of the connection was provided by nearing the column webs to each other. To find out the optimum distance between the two column webs, a parametric study was done on about 120 specimens of beams of different depths and sections.
Finite element results showed that the optimum proportion of the distance between the two column webs and the width of the column flange (parameter β) is not a constant value and is a function of the beam flange width to the column flange width ratio (parameter α). Hence, based on the finite element results, an equation was proposed to estimate the optimum value of parameter β in terms of parameter α to achieve the highest connection performance. This relationship is presented by Eq. (1) in the text. Results also showed that the proposed column section was significantly effective to minimize the stress and the strain concentrations at the joint. Such a positive effect was due to the presence of the double column webs to create a more uniform stiffness of the column flange across its width. In addition, results indicated a remarkable improvement in the transferring of the bending moment and the beam shear to the box-shaped column via web connection. It consequently caused an increase in the connection strength and ductility. Strength and ductility of a post-Northridge connection of a double-web I-shaped column of optimum value of parameter β were in average 12.5 % and 54% respectively higher than those of a box-shaped column with ordinary continuity plates. Also these connections had initial rotational stiffness the same as those for rigid connections with box-shaped columns with continuity plates.
Specimens of the optimum column section (a double-web I-shaped column of optimum value of parameter β) could easily achieve the minimum required connection strength. Despite the remarkable enhancement in the connection ductility in the presence of a double-web I-shaped column, still the rotational capacity of these modified specimens is less than the minimum required ductility (total rotation = 4 percent). Hence, as stated by FEMA-355D, to achieve the minimum required connection ductility, the beam end configuration of such specimens must be modified by employing either the weakening of the beam section method (e.g., RBS connections) or strengthening of the connection (e.g., using cover plates or haunches). In addition, with this method there is no need for continuity plates with their remarkable fabrication difficulties. Therefore, a double-web I-shaped column of optimum value of parameter β might be a proper replacement for a box-shaped column with continuity plates when beams are rigidly attached to it.
